Richard Caton was the first to report the electrical activity from brain in animal, in as early as 1875. However, it took more than 50 yeas, when Hans Berger successfully recorded electrical activity from the human brain using surface scalp electrodes in 1929. In 1935, Gibbs, Davis and Lennox discovered the 3 Hz spike-wave bursts in association with absence (petit mal) seizure, and in 1936 focal spike in epilepsy was found by Jasper and focal slowing was noted in brain tumor by Walter.
von Marxow, from the University of Vienna, who described similar brain electrical activity in experimental animals and deposited his finding in a sealed envelope in Imperial Academy of Science of Vienna in 1883. Obviously he was also unaware of Caton's work. Depositing sealed envelope containing scientific discovery pending their confirmation was common custom in European Universities at that time.
When Beck's article appeared in German journal, Centralblatt in 18902), it caught Fleischl's eye and allowed him to open the sealed envelope deposited in 1883. Adolf Beck and Fleischl von Marxow then started to argue, each claiming priority of discovery of brain electrical activity.
Noticing the argument of these two esteemed physiologists, Richard Canton put forward himself and settled the argument by the letter as follows: "In the year 1875, I gave a presentation before Physiological Section of British Medical Association in which electrical currents of the brain in warm-blooded animal was demonstrated and May I be permitted to draw your attention to the following publication (Br Med J 1975; 2: 278) I have published this, so I think it must be conceded that I am already an earlier discoverer." This letter settled the argument of who was the discoverer of brain electrical activity in animal.
After discovery of brain electrical activity by Richard Caton, more than 50 years had passed when Hans Berger first described electrical activity from electrodes placed on the human scalp. Hans Berger was a psychiatrist from Jena, Germany and was interested in objective measures of human brain function and mind. He postulated that the localized blood flow or energy would change on the cortex in response to motion or sensory stimulation
and he attempted to demonstrate these changes by using plethysmography or thermometer. Because of crude technique available at that time, he failed to demonstrate these changes. However, his hypothesis was amazingly correct one and now can be demonstrated by positron emission tomography (PET), single photon emission computerized tomography (SPECT) or functional magnetic resonance imaging (fMRI). He then switched his method to electrical recording and successfully recorded oscillatory potential of around 10 Hz for which he called "alpha rhythm" and found that alpha rhythm was best seen in awake with eyes closed state and attenuated when the subjects eyes opened or performed mental task.
His first paper appeared in 1929, entitled "Electroenkephalogram des Menschen"3). His "Electrenkephalogram" is now referred as electroencephalogram (EEG) in English term. He subsequently found that the frequency of EEG activity slowed down during sleep or in disturbed consciousness. He postulated that the electrical activity travel from one area to another as the process of mental activity, predicting the existence of cortico-cortical network system during various brain functions. Despite Berger's pioneering discoveries, his work was at first received with skepticism, primarily because such a slow oscillation like alpha rhythm having duration of about 100 msec could not be explained by the known electrical activity of nervous system at that time, which is action potential having duration of 2-3 msec. In 1935, however, esteemed physiologist, Adrian and Mathews from England finally approved Berger The next major step forward for diagnostic measures of clinical neurophysiology was the development of evoked potential (EP) recording.
The EP is the electrical potential in response to the external stimuli; visual, auditory or somatosensory stimulus etc. The amplitude of most EP detected from scalp electrode is usually less than 10 iV which is considerably smaller than the ongoing spontaneous EEG activity having amplitude close to 100 iV or greater. EP is thus buried under the on-going activity and not readily visible. The innovative method to extract EP from on going EEG activity, not relevant to the stimulus, was first introduced by George Dawson from London, England'.
He at first used "photographic summation" technique by superimposing a number of photographed waveforms (which included both EP and ongoing EEG or "noise" not relevant to stimulus) in response to repeated external stimulus, which brought out overall configuration of EP waveform, by minimizing the on-going EEG activity or noise not relevant to the stimulus.
Later he used the electronic summation technique, which subsequently became the principle of summation-averaging technique using computer technology. The smaller the EP response and the larger the noise (on-going EEG activity or artifacts not related to the stimulus), the greater number of summation is required to extract measurable and reliable response. This is expressed by signal to noise ratio, where the signal is EP response and the noise is activity not relevant to the stimulus, which is proportional to the square root of the number of summation. The various EPs, namely visual, auditory and somatosensory evoked potential, advanced the clinical applications of EP for various neurological disorders.
The EPs have been especially useful for diagnosis of multiple sclerosis, in which EP tends to show abnormality even if there is no clinical symptom or sign for the examined EP modality. For example, visual evoked potentials could be abnormal in patients who has not visual symptoms.
In turn, demyelinating lesion is strongly suspected if VEP is abnormal in patient who has no visual symptom. The clinical applications of EPs were further facilitated by the introduction of far-field potential (FFP).
Far-Field Potential (FFP)
The concept of FFP was first developed by Jewett who successfully recorded the small amplitude response (less than 1uN) consisting of several wavelets of less than 10 msec latency from the scalp electrode in response to the auditory stimulation8).
Because response latency was too short for the auditory impulse to reach to the cortex from the auditory nerve via brainstem, it was at first puzzling why such short latency response could be recorded from the scalp. Jewett then proposed that multiple wavelets of auditory response were generated at the brainstem as the impulse passes through the various structures of brainstem auditory pathway and they were picked up at scalp electrode via volume conduction spread, not by transmitted via anatomical pathway within the brain. In other words, the scalp electrodes detected the potential generated distant from the pick up electrodes, i. e. the word, "far-field potential" was introduced. The concept of FFP was revolutionary because up to that time the potential recorded from a given electrode was assumed to be generated nearby the given electrode, which has been referred as "near-field potential", in contrast to the "far-field potential". The short latency auditory response was at first called "Jewett bump" and now been referred as "brainstem auditory response (BAEP) " or "auditory brainstem response (ABR) ". Because FFP is distributed over wide area of scalp or body surface, conventional bipolar electrodes of short interelectrode register only near-field potential and cancel out FFP.
In order to register FFP, it is necessary that the reference electrode is sufficiently distant from the active electrode so as to avoid cancel-lation effect of equipotential activities between two electrodes. With the use of FFP recording technique, it became possible to measure the potentials arising from distant site or deep in brain tissue, which otherwise not accessible from the surface electrode.
The FFP was thought to represent the widely spread volume conducted potential reflecting the advancing field of positivity when the traveling impulse (near-field potential) approaches to the pick up electrode. When BAEP was introduced, each wavelet of BAEP was speculated to be generated at specific anatomical site where the auditory impulse pass through, for example, wave I from auditory nerve, wave II from cochlear nucleus, wave III from olivary nucleus, wave IV from lateral lemniscus and wave V from inferior colliculus. However, it was not certain why each of these anatomical sites give rise to each wave as the impulse passes through the brainstem auditory pathway.
The generation mechanism of FFP was explored more in detail in the study of somatosensory evoked potentials (SSEP) 9,10> The simulation of median nerve and recording SSEP from the scalp with the use of non-cephalic reference registers the first positive potential with latency of 9 msec (P 9). P 9 was recorded with the use of non-cephalic reference but not with the use of ear reference, which implied that P 9 was a wide field potential having equipotential field between scalp and ear electrodes, thus canceling P 9 with the recording of scalp-ear derivation. Indeed P 9 can be recorded from the scalp, down to the neck and even to the hand opposite to the side of stimulation. The question was then how and where the P 9 was generated; the latency of P9 was too short for the median nerve impulse to reach to the cortex. When the P 9 latency was compared with the traveling impulse recorded at the shoulder area, the latency was slightly longer than the negative peak of Erb's potential and matched with the negative potential recorded at the acromion. This suggested that P 9 appeared to be generated when the traveling impulse was just about to enter to the brachial plexus, at the junction of arm and body trunk. What was changed here was the change of volume surrounding the nerve, where the impulse entered from arm to body trunk.
The hypothesis that FFP can be generated when the traveling impulse pass through the site where volume surrounding the nerve suddenly changes was further supported by the vivo-experiment by Kimura et al.11) . In this experiment, the radial nerve was stimulated at the forearm and multiple recording electrodes were placed on the dorsum of hand and on the index finger. The conventional serially linked bipolar recording expectedly showed progressive latency delay from the wrist to finger and no response was recorded on the fingertip where the radial nerve was no longer present.
In referential recording, however, there was a response having two positive potentials at the fingertip where there was no response by bipolar recording.
These two positive peaks recorded with referential derivation were FFP, with the latency of first positive peak corresponding with the impulse passing through the wrist and second one corresponding with the impulse entering the basis of finger. Indeed, volume surrounding the nerve changed at both sites.
In addition to the volume change theory for generation mechanism of FFP, two other mechanisms have been proposed. One was the change of conductivity surrounding the nerve, which was demonstrated by the potential generation each time when the nerve impulse passed through the different conductive media12>. Another mechanism was the change in axial orientation of nerve pathway in which FFP was generated when direction of impulse changed along with the nerve pathway changed it's direction13"4> All of the above three mechanisms for generation of FFP have been supported by computer simulation model15) Digital Era In order to compete with CT, however, the effort was made to improve the anatomical accuracy in localizing lesion by topographic mapping based on EEG or EP data.
The topographic mapping is accomplished by measuring the values of amplitude of a given wave or frequency power of a specified frequency band from the multiple electrodes and interpolating the estimated values where there are no electrodes, from the known values of two neighboring electrodes.
The mapping would be more accurate when the greater number of electrodes are available. The topographic mapping with quantified EEG data -gave false sense of hope that the EEG might be able to complete with CT scan or MRI in revealing accurate localization of brain lesions and that the quantified EEG data might detect the abnormalities which can not be recognized by conventional visual analysis.
The above hope is not easy to be accomplished primarily because the electrical activity recorded from the scalp electrodes is much attenuated and distorted by the intervening inhomogeneous tissues, such as CSF, skull and scalp, between the cortex and scalp electrodes. Also the scalp recorded electrical activity may reflect not only cortical activity but also reflect the subcortical activity. The effects of far-field potential and also paradoxical lateralization of potential field distribution (which is seen in visual evoked potential or somatosensory evoked potential of lower extremity nerve stimulation) 16) may also complicate the issue. It was necessary to take these factors into account before the scalp recorded electrical activity can accurately predict the anatomical source of a given wave and understand the clinical significance of dynamically changing brain electrical activity. Recent advance of computer application for EEG data analysis and digital EEG recording has put one step forward to achieve these goals.
2. Digital EEG Paper written analog EEG tracings are becoming obsolete and most of the EEG laboratories now routinely use digital EEG recording systems. Fast processing computer and improved video screen resolution made it possible for digital EEG tracing to be as "fine" as paper written analog EEG tracing. Moreover, there are many advantages of digital EEG over analog EEG recording. The first is that the EEG data stored in digital forms allows to change the montage, filter setting, sweep page, amplitude scale (gain) control as of off-line as needed upon EEG interpretation. The second advantage is the capability of recording continuously at bedside without attendance of EEG technologist. The long term bedside EEG monitoring, especially at ICU setting, allows to detect episodic events such as intermittent or clinically unrecognizable seizures or spells or to monitor progressive brain function changes in comatose patients. The computer program for detection of spike or seizure event is not always accurate and registers many false positive events. Nonetheless the program is useful by reducing the EEG data to be analyzed by visual inspection. Also continuous compressed power spectrum would be useful to visualize long term EEG frequency change. Continuous EEG monitoring which instantaneously reflects dynamic changes of brain function is one of the major merits of EEG, which no other functional testing such as PET, SPECT, or fMRI cannot compete with.
The third is the capability of transmitting recorded or recording data instantaneously to distant review site. If needed, digital video picture along with EEG data can also be transmitted. This allows for clinics or hospitals where no EEG experts are available to send anywhere in the world where the expert is available for consultation.
The fourth and potentially promising application for further advancement of EEG technology is the computerized data analyses using topographic mapping, cross-, auto correlation and coherence and dipole localization, which may disclose the finding not readily recognized by visual inspection. Further advancement in quantifying EEG data may eventually lead to the more accurate assessment of dynamically changing brain function including cognitive function.
Dipole Localization
It is possible to estimate the electrical source by inverse calculation by measuring the potential field, ie, dipole field distribution, which spread between electrical source and pick up electrode via volume conduction''. Dipole localization is based on the following two principles: One is that the current flows from positive source to negative, creating positive and negative fields on the electro-conductive media. Assuming that the electro-conductive media consists of homogenous media and of spherical shape, measuring the current values at least 3 sites in 3 dimensional sphere allows to predict the current source by the inverse calculation. In cases of scalp recorded potential, however, the measured activity is much attenuated and distorted by intervening tissue between electrode and cortex; CSF, skull and scalp. Furthermore, the head shape is not exactly spherical and also has individual variations. Under such conditions, the attempt to improve the accuracy of source localization has been in progress by quantifying the inhomogeneous volume conductions and by taking individual head shape into account by MRI and other measures.
In order to convert the inhomogeneous conductive media to homogeneous media mathematically, it has been proposed that cortical activity can be estimated by assuming that brain volume is about 60% of head volume.
More difficult problem is to quantify the individual head shape and to take head shape factor into account in performing dipole localization. One solution was proposed by Homma et a118) who invented a head helmet, which measured the head shape and electrode position in the 3 dimensions. With additional information from CT scan, they were able to create 3-dimensional mesh model of brain shape and used this as a realistic head model for dipole localization. Another method is to use MRI, which reconstruct individual head and face shapes and placing electrode locations measured by sterotactic sensor device onto MRI. With further refinement and advancement of methods and technologies, it may become possible to determine precise anatomical location of electrical source of a given activity within the brain, which in turn will improve diagnostic utilization of EEG or EP studies. In EEG, for example, finding the anatomical location of interictal or ictal epileptic discharges will eliminate the necessity of invasive intracranial recording for pre-surgical evaluation of seizure surgery for intractable epilepsy patient. For EP studies, for example, finding the sensory cortex using somatosensory evoked potential before surgery would be useful for planning surgical strategy in patients who has a brain tumor nearby sensory or motor cortex.
MEG (magnetoencephalography)
As was discussed previously, electrical current detected from scalp electrodes is much attenuated and distorted due to intervening tissues between cortex and scalp. This problem can be overcome by using MEG, because magnetic fields are not affected by these tissues. The MEG detects magnetic fields created by current flow over the cortex. Because magnetic fields appear vertically in relationship to the direction of current flow, magnetic sensors placed over the head can detect magnetic field created by the tangentially directed current flow over the cortex, but not by the radially oriented current flow. This characteristic could be either advantage or disadvantage over the conventional EEG recording; it can be advantageous because MEG selectively detect tangentially oriented current selectively, avoiding the various mixture of tangentially and radially oriented current components, which is inescapable in EEG recording.
Conversely, disadvantage is that MEP is unable to detect radially oriented current source. Major disadvantage is the cost of system equipment, which is 100 times greater than the digital EEG system, and also the cost of maintenance.
Another disadvantage is that MEG can not be used for long term recording, and it is almost impossible to record clinical seizure or ictal event. Even if MEG happens to be recorded at the time of clinical seizure, slight head movement impairs the accurate recording. Despite these disadvantages, considerable and informational research data using MEG have been accumulated in recent years.
Closing Remark
For more than 70 years since the discovery of brain electrical activity in humans by Hans Berger, EEG and related fields have provided tremendous contributions for the advancement of neurologic and neurophysiological sciences as a diagnostic as well as research tools. However, introduction of neuroimaging studies (CT, MRI) and development of functional imaging studies such as fMRI, SPECT, PET scans have weakened the role of EEG as a neurological diagnostic study and also a brain function measurement tool. One has to realize that there is a fundamental difference between EEG and related neurophysiological testing and neuroimaging studies; the former reflects brain function, while the latter represents anatomical structure.
Recent progress of computer application has, however, brought hope for further advancement of EEG as brain function testing.
It is well agreed that the EEG has excellent temporal resolution reflecting dynamic brain function in terms of millisecond.
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